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Abstract 

We employ electron backscatter diffraction (EBSD) to investigate 

microstructural evolution of uranium during recrystallization.    To understand the 

relationship between microstructure and recrystallization, we use measures of 

intra-granular misorientation within grains and near grain boundaries in both 

deformed (non-recrystallized) uranium and recrystallizing uranium.   The data 

show that the level of intra-granular misorientation depends on crystallographic 

orientation.   However, contrary to expectation, this relationship does not 

significantly affect the recrystallization texture.  Rather, the analysis suggests that 

recrystallization nucleation occurs along high angle grain boundaries in the 

deformed microstructure.  Specifically, we show that the nucleation of recrystallized 

grains correlates well with the spatially heterogeneous distribution of high angle 

boundaries.  Due to the inhomogeneous distribution of high angle boundaries, the 

recrystallized microstructure after long times exhibits clustered distributions of 



small and large grains.  Finally, twin boundaries do not appear to act as 

recrystallization nucleation sites.  

Introduction 

Similar to the processing of other metals, uranium components are 

commonly made by a series of mechanical and thermal processes.  Mechanical 

processes such as forging, rolling, swaging, and forming are used to refine the 

starting cast microstructure and make metal forms for further processing to 

produce final parts.  Thermal annealing processes are interspersed within the 

mechanical processes to produce finer, recrystallized grains and to soften and 

restore ductility [1] to a metal for further mechanical processing.  The combination 

of mechanical and thermal processes has significant effects on the evolving 

microstructures; i.e. grain size, grain morphology, and texture.  Significant progress 

has been made in understanding the microstructure evolution that accompanies 

deformation of uranium [2-6].  However, little work has been done to understand 

the recrystallization behavior of uranium [7]. 

There is a large body of work examining the recrystallization behavior of 

other metals.  The physics, phenomenology, and modeling of recrystallization is well 

documented in several review articles [1, 8-11].  A vast majority of recrystallization 

work to date examines recrystallization in metals with face centered cubic (FCC) 

crystal structures.   The recrystallization of body centered cubic (BCC) metals has 

also received considerable attention, and limited efforts have looked at the 

recrystallization behavior of hexagonal close packed (HCP) metals [12-15].   



One principal aim of the aforementioned body of work is to relate the 

deformed microstructure to the recrystallized microstructure under subsequent 

annealing.  As defined by [1], “recrystallization is the formation of a new grain 

structure in a deformed material by the formation and migration of high angle grain 

boundaries driven by the stored energy of deformation.” Over the years, several 

specific characteristics relating deformed and recrystallized microstructures have 

been shown.  Recrystallization nuclei already exist in the deformed microstructure; 

i.e., recrystallized grains grow from orientations that are present, although they may 

not represent dominant deformation orientations in the deformed microstructure 

[1, 8-9].  Because recrystallization occurs through the motion of high angle grain 

boundaries, recrystallization nuclei are expected to be in close proximity to the high 

angle boundaries in the deformed microstructure [8-9].  Grain boundary 

character[16-17] has also been shown to influence grain boundary mobility, and 

thus, the rate of growth of nucleating grains [9-10].  In some metals, grain 

boundaries with certain character are more mobile and this dependence can have a 

significant influence on the evolving, recrystallizing microstructure.  The driving 

force for recrystallization is the stored energy of deformation, primarily in the form 

of dislocations [9-10].  The driving force for recrystallization is expected to be 

higher in grains or regions of high dislocation content.  A successful recrystallization 

nucleus is also expected to have an energetic advantage [10] in addition to sharing a 

high energy boundary.  Finally, the recrystallized grain size depends on the grain 

size prior to deformation and the amount of deformation applied to the material [9, 

18].  



As stated previously, many of the above relationships have been reported for 

deformed metals with cubic crystal structures.  Recrystallization of deformed metals 

with crystal structures of lesser symmetry, such as orthorhombic uranium, has not 

received nearly as much attention and is comparatively less well understood.  These 

metals deform via several modes of slip and twinning and the relative amounts of 

these modes are highly sensitive to grain orientation.  Thus, interesting and 

potentially distinct relationships between orientation and the propensity to 

recrystallize could arise.  In the present study, we use electron backscatter 

diffraction (EBSD) to statistically analyze the relationship between a few important 

microstructural characteristics to recrystallization in deformed uranium.  EBSD is 

an excellent tool for this study allowing for statistically relevant comparisons of 

spatially correlated orientation information.  In particular, with EBSD it is possible 

to partition recrystallized grains from the deformed microstructure [7].  Taking 

advantage of this capability, we show that the development of intra-granular 

misorientations depends on grain orientation.   Interestingly, this relationship has 

an insignificant effect on recrystallization texture.  Our analysis suggests that 

recrystallization nucleation occurs along high angle grain boundaries in the 

deformed microstructure, which does affect the evolving texture.  In contrast, the 

twin boundaries do not appear to act as recrystallization nucleation sites. 

Experimental 

The processing and experimental methods are nearly identical to those 

reported previously [7].  The previous study was one of the first successful uses of 

EBSD on uranium, and showed that recrystallized grains can be distinguished from 



non-recrystallized grains.  A brief discussion of the manufacturing and specimen 

preparation is given here with details provided in [7].  The present study is based 

almost entirely on new EBSD data.  Any experimental differences from the prior 

study and distinguishing details of the EBSD analysis will be highlighted. 

A series of processing steps were used to produce a uranium plate including 

vacuum induction casting, hot upset forging (625 °C), and warm clock-rolling.  The 

clock-rolling was performed at 300 °C in eight equivalent strain passes with 

rotations of 0°, 90°, 135°, 225°, 270°, 360°, 45° and 135° resulting in a final 

reduction of approximately 50%.  The warm-rolling temperature is considerably 

below temperatures for which recrystallization is observed in rolled uranium for 

similar levels of deformation, and dynamic recrystallization is not expected for this 

processing.  Isothermal annealing experiments were performed in a quench 

dilatometer on 3.173 mm diameter, 10 mm long cylindrical samples with the axis of 

the sample along a consistent in-plane plate direction.  Annealing experiments were 

performed for various times at 435 °C, 450 °C, and 475 °C under a vacuum of 10-

5 Torr with a heating rate of 7.5 °C/s and quench rate of 10 °C/s to room 

temperature. 

Axial sections cut from near the centers of the dilatometer samples were 

mounted and metallographically prepared. The EBSD preparation technique 

consists of polishing to a 1 µm diamond finish followed by two electropolishing 

steps.  The first electropolishing step uses a room temperature, stirred solution of 

45% ethanol, 27% ethylene glycol, and 27% phosphoric acid at 10V for around 4 



minutes.  The second electropolishing step uses a room temperature solution of 5% 

phosphoric acid and 95% water at 5V for 1-2 s.   

Automated EBSD scans were performed at 25 kV in an FEI XL30 SEM 

equipped with TSL/EDAX data acquisition software. Regions 300 µm by 600 µm 

roughly at the center of the 3.175 mm diameter mounted specimens were scanned 

with a step size of 0.5 µm for microstructure analysis.  In addition to the 

microstructure scans, the entire surfaces of the samples were scanned using a step 

size of 5 µm to generate “macro” textures.   The orientation data was analyzed using 

TSL/EDAX Orientation Imaging Microscopy (OIM) Analysis 7.2 software.  A minimal 

EBSD clean-up was performed on each of the microstructure scans using a neighbor 

confidence index correlation with a minimum confidence index of 10% of the 

average for the scan.  Because samples were cut from round cross-sections, a priori 

alignment of samples in the microscope with a consistent orientation relative to the 

plate normal direction was not possible.  Thus, in some maps, deformed grains are 

elongated vertically (Figure 1a), and in other maps deformed grains are elongated 

horizontally (Figure 1c) or at arbitrary angles.  Texture symmetries are used for 

orientation alignments with observed grain shapes used for validation.   

Results  

We use EBSD to relate the deformed microstructure to recrystallization 

phenomena.  Figure 1 shows EBSD orientation maps of samples heat treated for 

different amounts of time at 450°C.  With these data, we quantitatively compare the 

characteristics of the as-deformed and recrystallizing microstructures.  We pay 

special attention to local and grain level misorientation and characteristics of high-



angle grain boundaries.  These choices are based on the assumptions that 1) 

measures of misorientation correlate with the local defect densities that are 

expected to serve as a driving force for recrystallization and 2) the motion of high 

angle boundaries are the mechanism for recrystallization. 

  To this end, it is necessary to identify in EBSD a recrystallized grain from a 

non-recrystallized one.  Partitioning the recrystallized grains from the non-

recrystallized grains allows us to directly measure the recrystallized fraction as a 

function of time and temperature.  As with previous studies [7, 19], it is found that 

measures of internal grain misorientation work remarkably well for partitioning 

(separating) recrystallized grains from non-recrystallized grains.  This is consistent 

with previous observations and theories of recrystallization where new, relatively 

defect-free grains form at the expense of non-recrystallized grains that contain large 

densities of dislocations.  These higher dislocation densities result in higher levels of 

Figure 1. EBSD orientation maps of uranium annealed at 450°C.  Because of the round sample 
geometry, a priori alignment of the sample ND was not possible, and deformed grains are 
elongated in different directions for different scans.  Annealing times and recrystallization 
fractions a) 30 s - Rx < 1%, b) 600 s - Rx 18%, c) 1800 s – Rx 46%, d) 6000 s – Rx 71%, e) 
10

5
 s – Rx 91%.  Crystal orientations shown are along the final rolling direction. 

100 µm 

a b c d e 



internal grain misorientation.   

One measure we use is the Grain Orientation Spread (GOS).  GOS is the 

average deviation between the orientation of each scan point in a given grain and 

the average grain orientation. Figure2a shows the evolution of the full distribution 

of measured GOS using a 1° bin size, and Figure2b shows the distribution for GOS 

less than 1° using a bin size of 0.02°, both for annealing at 450°C.  For these plots, a 

grain tolerance angle of 5° is assumed and deformation twins are assumed to 

constitute their own grains.   

A new peak forms in the GOS distribution between 0.1° and 0.65° as 

recrystallization occurs.  Because of the obvious emergence of this peak, we can use 

GOS to partition recrystallized grains from non-recrystallized grains.  In this study, 

we define recrystallized grains as those with a GOS between 0.10° and 0.65°, 

containing more than 7 scan points (1.52 µm2), and a confidence index (CI) of 

greater than 0.05.  An example of the use of such partitioning is shown in Figure 3.   
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Figure 2.  Grain orientation spread (GOS) distributions as a function of annealing time at 450°C.  a) The full 
distribution showing a depletion of high GOS grains accompanying recrystallization.  b) GOS distribution 
below 1° showing the emergence of a new peak accompanying recrystallization 



Another observation from Figure2a is that, as recrystallization proceeds, the 

volume fraction of grains with the highest GOS values decreases such that there are 

very few grains with high GOS values once recrystallization has proceeded 

sufficiently.  This is consistent with high internal misorientations resulting in a high 

driving force for recrystallization. 

A similar observation can be made based on local misorientation 

Figure 3.  Recrystallized fraction as a function of 
isothermal annealing temperature and time. 
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Figure 4.  Kernel Average Misorientation (KAM) a-c) scan point distributions and d-f) spatial 
distributions for isothermal annealing at 450°C for 30 s (a and d), 600 s (b and e), and 6000 s (c 
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distributions.  Figures 4a-c  show the evolving distributions of Kernel Average 

Misorientation (KAM) and Figures 4d-f show the spatial distribution of scan points 

based on these KAM distributions for different annealing times at 450°C.  KAM is 

based on a local misorientation measure between a scan point and other scan points 

within a defined kernel.  The size of the kernel is defined based on the nth nearest 

scan point neighbors, and the KAM calculation can include only points at the 

perimeter of the kernel or all points within the kernel.  In addition, misorientations 

greater than a cut-off value are ignored in the calculation in order to eliminate 

kernel points lying in neighboring grains.  In Figure 4, the KAM calculation is based 

on the perimeter of a kernel including 3rd nearest neighbors based on a hexagonal 

scan grid with a cutoff misorientation of 10°.  Choosing different kernel sizes (1-10) 

and cutoff misorientations (5-15°) results in shifts in these distributions, but similar 

trends.  Like the GOS trends, there is a decrease in fraction of individual scan points 

with higher KAM values with annealing time.  Higher values of KAM have been 

shown to correlate directly with higher geometrically necessary dislocation (GND) 

densities [20-22], and the prevalent recrystallization of regions of higher KAM 

earlier in the recrystallization process is also consistent with theories suggesting 

dislocation content is the driving force for recrystallization. 

Figure 5 represents the evolution of crystallographic texture with 

recrystallization.  Figure 5a is an orientation density function (ODF) representation 

of the texture for the material annealed for 30 s at 450°C that has a recrystallized 

fraction of less than 1%.  Figure 5e is the ODF representation of the texture for the 

material annealed for 105 s at 450°C and has a recrystallized fraction greater than 



90%.  Figures 5b-5d are ODF difference plots for increasing annealing times at 

450°C (300, 1800, and 105 s).  The ODF difference is calculated by subtracting the 

ODF calculated at time = 30 s from the ODF calculated for the given annealing time, 

and thus, represents the change in texture during recrystallization.  The ODFs in 

each case are based on the large step size scans of the entire sample surfaces, are 

calculated based on spherical harmonics, and assume orthotropic sample symmetry.  

We observe considerable evolution in texture with recrystallization in this material 

with a general weakening of initially strong components but without development 

of strong components that were not strong in the initial material.  This result is in 

contrast to behavior of some FCC metals that exhibit significant strengthening of 

components that are not strong in the initial deformed microstructure [1, 9, 19], but 

Figure 5. a) Orientation density function (ODF) for isothermal annealing at 450°C for 30 s.  ODF difference plots 
(ODF – ODF(30sec)) for isothermal annealing at 450°C for b) 300 s, c) 1800 s, and c) 105 s.  e) (ODF) for isothermal 
annealing at 450°C for 105 s.  
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similar to behavior observed for HCP alloys during certain recrystallization 

conditions [12-15]. 

Discussion 
 

If all points in the deformed microstructure are equally likely to become 

recrystallized grain nuclei, and there is no favored growth, then the textures before 

and after recrystallization should match well.  The observed differences in the 

textures and grain sizes before and after recrystallization indicate that certain 

features of the microstructure influence either the nucleation or growth of 

recrystallized grains.  Based on prior work, many correlations between the 

deformed microstructure and the resulting recrystallized microstructure can be 

anticipated.  First, the driving force for recrystallization is expected to be higher in 

grains (or regions) of high dislocation content, which in turn correlates with large 

values of  intra-granular misorientation, such as measured by KAM.   Second, it is 

generally presumed that recrystallization nuclei already exist in the deformed 

microstructure.  Since it is further assumed that recrystallization occurs through the 

motion of high angle grain boundaries, such recrystallization nuclei are expected to 

be in close proximity to the high angle boundaries in the deformed microstructure.   

With further analysis of the EBSD data reported thus far, we seek evidence on 

whether the above correlations apply to deformed uranium.  To do so, we compare 

the microstructure characteristics of the recrystallized and non-recrystallized 

microstructures.   

We first examine whether grain orientation has an impact on the 

development of dislocation density.  Previous modeling of the deformation behavior 



of polycrystalline uranium suggests that some grain orientations tend to accumulate 

more dislocation density than others [3-6].  The dependence can be partly 

attributed to the fact that deformation twinning is highly dependent on grain 

orientation.  In suitably oriented grains, twinning can accommodate a significant 

fraction of the plastic deformation thereby limiting the activity of dislocation slip.  In 

our experimental analysis, as before, we correlate the accumulated dislocation 

density with the internal misorientation (i.e. KAM).  Figure 6 shows different 

subsets of data from the microstructure of the sample annealed for 30 s at 450°C.  

Figure 6a shows the KAM number fraction distribution and Figure 6b shows the 

spatial distribution of scan points with KAM values in different ranges.  The blue 

data have KAM values between 4.95 and 10 representing the top 25% of  KAM 

values, the green data have KAM values between 0 and 2.33 representing the 

bottom 25% of  KAM values, and the red data have KAM values between 2.33 and 

4.95 representing the middle 50% of  KAM values.   Figure 6c is the ODF for all of the 

data in Figure 6b, Figure 6d is the ODF for the blue data points (highest 25% KAM), 

and Figure 6e is the ODF for the green data points (lowest 25% KAM). Because these 

are based on relatively small sets of data, we use discrete binning with a 5° bin size 

and 5° Gaussian smoothing to calculate the ODFs.  Figure 6c differs from Figure 5a in 

that Figure 5a is based on scans of a large area of the sample (around 7 mm2) and 

Figure 6c is from a relatively small area (0.18 mm2)  necessary to calculate spatially 

resolved orientation statistics such as KAM.  We observe considerable differences in 

the ODFs for the top 25% KAM and bottom 25% KAM. Analysis of ODFs of the non-

recrystallized grains in the 100 s sample (not shown) also reveals differences 



between the highest KAM and lowest KAM orientations.  These results clearly 

indicate a KAM dependence on orientation.    

Having revealed an orientation dependence of KAM, we further seek to 

determine whether grains (or regions) with higher KAM tend to recrystallize earlier. 

The evolving texture should reflect a possible orientation dependence on 
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Figure 6.  a)  KAM distribution for deformed uranium separated by number fractions 0-25%, 25-75%, 
and 75-100%.  b) Spatial distribution of KAM values.  c) ODF based on all scan points in b).  d)  ODF for 
scan points with 4.95° < KAM < 10°, 75-100%.  e) ODF for scan points with 0° < KAM < 2.33°, 0-25%.   f)  
ODF based on scan points along high angle grain boundaries.  g) ODF difference based on f minus c.  See 
Fig. 5 for ODF scales 
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recrystallization.  Interestingly, in comparing the ODFs in Figure 6 to the ODF 

difference plots in Figure 5, no such dependence is seen.  The largest ODF 

differences do not correlate well with either Figure 6d or Figure 6e.   Thus it appears 

the differences in KAM for different orientations are not driving the observed 

texture evolution.  Similarly, for the non-recrystallized grains in the 100 s sample, 

no clear relation between these ODFs and the ODF difference plots exist.  Evidently, 

while regions of higher local misorientation are recrystallizing earlier in the process, 

the changes in local orientations are not sufficiently prevalent to have a major effect 

on the evolving bulk texture. 

In light of the foregoing results, next we examine whether recrystallization is 

preferred at the high angle grain boundary regions.  If recrystallization nuclei are in 

close proximity to high angle boundaries in the deformed microstructure, a 

difference in orientations in the proximity of grain boundaries relative to the bulk 

texture may reflect a change in texture during recrystallization. For this analysis, 

10° was used to define high angle boundaries.   It is apparent from our 

microstructural datasets that twin boundaries do not act as preferred nucleation 

sites for recrystallization, and twin boundaries (using a 5° tolerance on the ideal 

twin boundary misorientation) are thus ignored when considering high angle 

boundaries.  Figure 6f shows the ODF based on the subset of data consisting of EBSD 

scan points adjacent to high angle grain boundaries, and Figure 6g is the ODF 

difference between this ODF and the ODF in Figure 6c.  The corresponding scan data 

is shown in Figure 7a.  The qualitative similarities between Figure 6g and Figure 5d 

indicate that the orientation of data points in close proximity to high angle grain 



boundaries is a good predictor of the recrystallized texture.  This indicates that 

recrystallizing grains tend to nucleate in the vicinity of high angle grain boundaries 

and grow into neighboring grains, consistent with previous recrystallization studies 

[1, 9].   

To give some insight into recrystallized grain sizes and morphologies, we 

analyze the evolving microstructures at various stages of recrystallization annealing 

for 300, 1800, and 105 s at 450°C.  Figure 7 shows some important features of this 

evolution.  In each figure the orientation of the crystalline direction in the A2 

direction is represented (A2 is a consistent in-plane direction in the clock-rolled 

plate).  To locate the potential recrystallization nucleation sites, we analyze the scan 

points along high angle boundaries, which are given in Figure 7a, used to generate 

the ODF in Figure 6f.  The data reveal that the high angle grain boundaries are not 

a b 

c d 
Figure 7. a) heterogeneous distribution of scan points along high angle 
boundaries for 30 s. Non-recrystallized regions for b) 600 s and c) 1800 s.  
Recrystallized regions are black and are heterogeneously distributed.  d) 
Recrystallized regions at 105 s exhibiting clusters of large grains and clusters of 
small grains.  

100 µm 



uniformly distributed throughout the microstructure.  Some of the high angle 

boundaries in the deformed microstructure existed in the material prior to rolling.  

The density (area per volume) of these boundaries increases with rolling due to the 

changing shape of the original grains from equiaxed to more pancake shaped [9].  

For 50% reduction, this grain shape evolution results in a nominal increase in 

boundary density.   Other, new high angle boundaries develop between the original 

grain boundaries during deformation.  These high angle grain boundaries are 

caused by accumulation of slip in grains [18, 23-26] or by interactions of twins of 

different modes or variants. Both of these are likely represented in the 

microstructure of Figure 7a although it is currently unknown if twin/twin 

interaction boundaries represent high mobility boundaries.  Areas with higher 

densities of high angle grain boundaries are expected to have more potential 

recrystallization nucleation sites. 

To reveal a possible relationship between recrystallization and high angle 

grain boundaries, we analyze only the non-recrystallized regions of the 

microstructure after isothermal annealing at 450°C for 600 and 1800 s, which are 

displayed Figures 7b and 7c, respectively.  High angle grain boundaries are also 

displayed in these figures and the recrystallized grains are black. These data 

indicate that recrystallization is not homogeneous within the microstructure with 

the recrystallized grains existing almost exclusively at the high angle grain 

boundaries that are not homogeneously distributed within the microstructure.   



Another interesting result is found in Fig. 7b.  As shown, the most prevalent 

twin in the deformed microstructure is the {130} twin.  The data indicate that 

recrystallization nuclei are, by and large, not associated with these boundaries.    

Last, we analyze in Figure 7d only the recrystallized regions of the 

microstructure after isothermal annealing at 450°C for 105 s.  We observe a log-

normal distribution of recrystallized grain sizes.  However, there are clearly clusters 

of larger grains and clusters of smaller grains.  This heterogeneity is also consistent 

with the non-homogeneous distribution of high angle grain boundaries and, thus, 

potential recrystallization nucleation sites.  Once a recrystallized grain nucleates, 

the high angle boundaries between the recrystallization nucleus and deformed 

regions migrate into the deformed regions until there is no longer a driving force for 

boundary motion.  There will no longer be a driving force for recrystallization 

boundary motion once the boundary encounters another recrystallized grain (there 

are still driving forces related to grain coarsening).  The local recrystallized grain 

size is thus dependent on the density of recrystallization nucleation sites that is 

dependent on the local high angle grain boundary density.  Accordingly, in regions 

where there is a higher density of high angle grain boundaries, the mean free path of 

the migrating grain boundaries is shorter, and the resulting recrystallized grain size 

is smaller.  In contrast, in regions where there is a low density of high-angle grain 

boundaries, the mean free path of a moving recrystallization boundary will be 

larger, and the size of the recrystallized grain will be larger.    In the extreme case of 

regions comprised of only high angle, original boundaries, recrystallizing grains are 

expected to traverse around half of the original grain before encountering a 



recrystallizing grain impinging from the other side, resulting in recrystallized grains 

with dimensions of around half of the original grain size.  In qualitative agreement, 

we find that the sizes of the larger grains in Figure 7d are about half of the size 

across the larger regions of low density high angle grain boundaries in Figure 7a.  

Conclusions 

In this work, we examine how the microstructural characteristics of 

recrystallizing uranium depend on microstructural characteristics of the deformed 

uranium using electron backscatter diffraction (EBSD).    Relative to the deformed 

texture, the recrystallization texture is considerably weakened, and occurs without 

development of strong components that were not strong in the deformed material, 

which is in contrast to the behavior of many FCC metals but similar to the behavior 

of HCP metals under certain recrystallization conditions.  The data strongly support 

the notion that recrystallization nucleation occurs along high angle grain boundaries 

in the deformed microstructure.  There is no compelling evidence that either 

favored nucleation or favored growth has a significant effect on the recrystallization 

microstructure.  The recrystallization texture is similar, but considerably weaker, 

than the deformation texture, and the texture of points along high angle grain 

boundaries in the deformed material is a good match for the recrystallization 

texture.  In addition, while there is an orientation dependence on local 

misorientation, this dependence does not significantly affect the recrystallization 

texture.  The distribution of high angle grain boundaries is inhomogeneous within 

the microstructure, and nucleation of recrystallized grains correlates well with the 

spatial distribution of high angle boundaries.  This inhomogeneous distribution of 



high angle boundaries causes clustered distributions of small and large grains.   

Twin boundaries do not appear to act as recrystallization nucleation sites.  
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